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FOREWORD
This document entitled "Radiative Energy Transfer on
Entry into Mars and Venus", is the final report prepared by the
IIT Research Institute for NASA Contract NASr -65(01), investi-
gations conducted during the period from October 1961 through
February 1969 are described. Because of the duration of the
overall research effort, the program was administered by several.
NASA personnel, including Dr, Roger Moore (Lunar and Planetary
Exploration Branch), Dr. D. Easter (",Lunar and Planetary Exploration
Branch), Mr. James Danberg (OART), and Dr, John Howe (Ames Research
Center)
The purpose of this program has been to provide information
concerning the high temperature properties of simulated atmospheres
of Mars and Venus. The principal investigator at IIT Research
Institute throughout the course of the work has been Mr, W. 0. Davies,
Mr. D. A. Gast, Mr. J,, W. Helbron and Mr. R. Grau assisted in the
research. Mrs Martha Parker and Miss Audrone Valaitis aided in
the data reduction,.
Respectfully submittedP	 Y
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P^ J. Dickerman
Manager
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APPROVED BY:
C. A. Stone, Director
Physics Division
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ABSTRACT
This report describes the results of an experimental
research program for determining the radiative properties which
are important upon entering CO2'"N2 atmospheres, Both ambient
molecules and those arising from products of ablation are
considered, Data were obtained for the high temperature
emissivity of the CO 2 4.3u and 2.7µ vibration-rotation bands,
the dissociation rate of CO 2 and CO, the formation rate of CN,
NO, and C 2 , the transition probabilities of the CN Red and Violet
band systems, the disappearance rate of various hydrocarbons,
including CH4 , C 2H2) C2H4 , and C 2H6 , and certain optical properties
of the middle IR bands of these hydrocarbons.
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I.	 STIMMARY
In our stu(71e.s to date, (1 '" 9) the high temperature
emissivities of the carbon dioxide 4.3i, fundamental band and
the 2.7" combination bands have been measured, and analytical
methods were developed for calculating high temperature
emissivities. The radiation from shock heaved N 2 -CO2 mixtures
was observed. The species and band systems that appear strongest
in emission were the (1) CN Violet bands, (2) CN red bands,
(3) C2 Swan bands, and (4) NO 9 bands.
The CO2 dissociation rate was measured at temperatures up
to 11,000°1< from observations of radiation from the CO 2 4.31  and
the 2,7µ bands. A comparison of the rates determined from the
1R and UV (CO flame bands) measurements showed that the two rates
refer to different reactions; the infrared observations are a
measure of the CO2 dissociation rate, and the rate determined
from the CO flame bands represents a complex process including
CO and 0 recombination and emission of radiation through a spin
forbidden CO 2 electronic transition.
The thermal dissociation rate of CO was observed for
temperatures up to 9000°K, and an upper limit to this rate was
given for temperatures up to 12,000°K. Emission was observed
from a number of CO electronic transitions which originate on
excited triplet energy levels. A rate constant determined from
O
observations of the CO(3,0) Triplet band at 6433 A was < 50 percent
larger than those obtained from the infrared measurements and
showed approximately the same temperature dependence, An analysis
of the mechanism leading to the CO Triplet band emission permitted
an estimate for the radiative lifetime of the CO(d3A)v=3 energy
level of (5.0 ± 1.5)10-6 seconds, which is in the range of values
expected for an allowed transition.
The formation of CN, NO and C 2 have been observed behind
shock waves in CO 2 -N2 and CO-N2 atmospheres, and transition
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probabilities have been measured for the CN Violet, CN Red, and
NO Y band systems. The concentration profiles were determined
from observations of emission and absorption for these band
systems. The CN and NO formation were considered just behind
the shock wave, where reverse reactions and those involving most
of the end products can be neglected, and the entire CN and NO
concentration profiles behind the shock wave are compared to
calculations obtained with a computer code that provides a
simultaneous solution for a number of competing reactions. The
reactions considered in the analysis of the CN and NO formation
rate are shown in Table T and the reaction rates in Table 11.
An f-number for the CN Violet band system of
1; = (3.0 + 0.3)10 2 was obtained. An average f-number of
(3.96 ± 0. 1 2)10-3 was obtained for the CN Red (0,0) band; the
matrix element for this band system was determined to be
R(x) = R(ro1o )	 1 + 1.2 (rn , nit 
- 
ro o)
	
(1)
1.05A47<1,20A
where R( -- o ) is the moment :for the (0,0) transition, and R(r)
is the moment at other values of T, which depend on the vibrational
transition.
The investigation of hydrocarbon reactions 'was initiated
with a study of CH4 dissociation. The effect of 0 2 on the CH4
decay was investigated for (0 2 )/(CH4) concentration ratios From
0.08 to 3 at essentially a single temperature. The CH 4 emission
decays exponentially even in the presence of 0 2 , and therefore
the oxidation rate can be characterized with a measured half-life.
Rate constants for the CH4 oxidation were obtained for temperatures
between 1.800 °K and 2200*K. These rate constants, when fit to an
Arrhenius equation, yield the expression
k = 2.0 x 10-13 T1/2 e-1.30 eV/kT cm3/particle-sec,
(2)
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which suggests an activation energy of 1.3 eV (30.0 kcal.), it is
suggested that the reaction CH4 + 02	HCOH + H2O is the most
probable mechanism for the oxidation of CH 4 , and the rate given
here is considered appropriate for this reaction.
Finally, integrated absorption measurements were made
for the strong bands of acetylene, ethylene, ethane,
tetraf' omethane, and su?.fur dioxide in the 6 to 8u, spectral
region. The bands were pressure-broadened with helium; the
absorption was determined from the slopes of Beer's 1,aw plots
of observed absorption versus optical density. The values
obtained in this study are compared with previous data wherever
possible.
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II.	 CARBON DIOXIDE DMISSIVITIES
w 	 M/
The data obtained during this phase of the program consist
of total emission measurements from simulated atmospheres at high
temperature as well as intensity measurements of specific bands
or band systems. The evaluation of radiant heating and deter-
mination of atmospheric properties requires a knowledge of the
emission charaete::istics of the hot atmospheric gas, which is
a complicated sum of contributions from molecular bands, atomic
lines, and continuum radiation. The available data show that
the atmospheres of Venus and Mars are primarily CO2 with a small
amount of nitrogen. Carbon dioxide is of most importance in the
infrared; there are only a few weak electronic transitions in the
visible and near ultraviolet definitely associated with the
neutral CO 2 molecule. As the temperature becomes greater than
about 3500°K, the CO 2 is largely dissociated, and the many band
system, of CO appear in the visible and near ultraviolet. The
effort was therefore directed toward measurements of emission
intensity for CO 2_N2 mixtures, CO 2 infrared emission, and CO
emission in the ultraviolet and visible. The specific band systems
examined are the 4.26, and 2.7v^µ bands of 102, andthe CO third
positive system. Lesser attention is devoted to nitrogen. because
of the many emission measurements of nitrogen available from other
reentry programs.
Measurements of CO 2 emission were made at temperatures of
1500°K, 2500°K, and 3000°K, and a range of optical densities. All
the measurements were made at a total pressure of one atm, and
extended from a wavelength of 4.40µ to approximately 5.0Oµ for most
of the test conditions, but up to 5.30,1 for higher optical
densities and temperatures. These results, in addition to being
presented as a function of optical density for each temperature,
have been reduced to gas emissivities and compared to CO2
emissivities obtained theoretically (10111) for both "strong line"
IIT RESEARCH INSTITUTE
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and "weak line" approximations. In general, the "weak line"
approximation to the band structure appears to provide agreement
with the experimental results.
The study of the CO 2 2.70u combination band was also
initiated, with emission intensity measurements for wavelengths
from 2.601 to 3.00u at a temperature of 2000°K, one atm total
i
	
pressure, and optical density of 1.61 atm-cm.
CO
-
 
4.261 Band
The optical densities which were examined for the 4.264
band were:
T (_K) _ u - (atm-cm)
1500 0.659	 1.77 9 2.22 9 2.39,	 3.91
2000 0.079	 0.47 9 1.61 9 2.18,	 2.69 9 4.00
2500 0.08,	 0.89, 1.44, 2.34 9	3.14
3000 0.07,	 0.47 9 1.13 9 1.90
It
r
Because of the band head at 4.1%L (12,13) there is :io absorption
below this wavelength except that due to the wings of spectral
lines whose centers are of wavelengths longer than 4.17u. The
R branch thus reverses direction at 4.17µ and moves to longer
wavelengths, overlapping with the P branch. Most of the data
was obtained with monochromator slit widths of 0.30 mm, which
correspond to pass bands of 0.046µ. For lower temperatures and
longer wavelengths, where emission is greatly reduced, some
observations were made with a band pass of 0.077".
The measured emission intensities were reduced to hot
gas emissivities by (a) dividing by the black body emission to
obtain the emissivity per unit length and (b) multiplying by the
average physical length of the emitter volume. This is not
strictly accurate, as the volume of gas defined by the slit system
and viewed by the optical system is not rectangular. However, it
alp	 IIT RESEARCH INSTITUTE
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is sufficiently close to provide a comparison with hot CO2
emissivities calculated with various band models and line strength
approximations. (This same approximation is made in determining
optical depths) .
Theoretical emissivities for the 4,2kµ CO 2 band have been
calculated by Plass (l0) and Malkmus. (l1) Plass calculated the
spectral emissivity for wavelengths from 4 to 511 and temperatures
of 300°K to 2400°K as a function of pressure and amount of emitting
gas, using harmonic oscillator matrix elements for each vibrational
state to determine populations and line strengths. According to
Plass, the Elsasser model is a good representation of the band at
room temperature, but at higher temperatures this must be changed
to the random Elsasser model as more vibrational bands overlap.
Further, at temperatures of the order of 2000°K the statistical
model should be used.
Malkmus (11) has obtained some simplified equations for
computing the emissivity of the 4.26µ CO 2 band, which is quite
similar to the method of Plass, in that he used the harmonic
oscillator matrix moments in determining populations and intensities.
In addition to the method of grouping various lines and bands to
simplify the problem, Malkmus also appears to differ from Plass
in the approximation for band strengths, neglecting the effect
of vibration on the rotational constant, and in using the statistical
model rather than the random Elsasser model for the intermediate
temperatures. Both authors have used the line half-width for the
nit7,ogen-broadened 15U CO 2 band in the absence of any value for
the 4.261, band. Malkmus' calculations extend to 3000°K and are
therefore of more interest in comparison with the experimental
results.
The hot CO2 emissivities derived from the observed emission
intensities are compared to the calculated emissivities of
Malkmus (11) for both strong and weak line approximations. Typical
data are shown in Figures 1 through 4. For temperatures of
IIT RESEARCH INSTITUTE
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2000°K, 2500 °K, and 3000°K it appears obvious that the weak line
approximation is much better than the strong line approximation
for all the optical densities investigated. At both 2000 °K and
2500°K, the weak line theory overestimates the emission measured
at the shorter wavelengths (4.40u to 4.50u), tends to cross a
curve through measured emissivities at about 4.50u to 4.60u, and
at longer wavelengths the measured emission is greater than the
calculated emission. At the longest optical paths emissivities
for the shorter wavelength could perhaps fit the strong line
approximation 3s well, since for both methods the emissivity
approaches unity. However, for shorter path lengths the superiority
of the weak line approximation is quite clear. The worst agreement
at both temperitures is for optical densities less than 0.10 atm-cm.
The same comnznts apply to a comparison of calculated and measured
emissivities at a temperature of 3000 °K, except that the weak line
i	 theory predicts a lower intensity at all the wavelengths examined.
At 1500°K the weakline approximation is also a fair approximation
to the measured emissivities. However the disagreement with the
strong line approximation is not .:s striking, as the two approxi-
mations predict emissivities which are not greatly different.
r
	
	 The measured emissivities are also compared to the strong
and weak line approximations of Plass for temperatures of 1500°K,
20on°K and 2500°K. ('ihe calculations at 2500°K require an extra-
polation of Plass' data beyond his highest temperature of 2400°K).
At 1500°K, this weak line approximation is lower but has the same
general form as the data and Malkmus' weak line approximation.
As the temperature increases, the Plass' calculations give an
increasingly poorer fit to the measured emissivities. In no case
dues Plas.' strong line approximation provide agreement with the
dada.
The agreement appears to be as good as could be expected,
considering the approximations made in deriving the theoretical
emissivities. These approximations include neglecting anharmonicity
r	 IIT RESEARCH INSTITUTE
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in oscillator strengths and populations, neglecting the effect
of vibration on the rotational constant, acid a simplified estimate
of integrated absorption at high temperatures, in addition to the
method of grouping bands of nearly the same frequency. The theory
of Malkmus does not account for the 4.8u and 5.Zi CO 2 bands.
Although both these bands are only of medium strength, (14) they
emit at wavelvngths where the 4.26u band retains only a small
fraction of its peak intensity.
The regions of validity of the strong and weak line approxi-
mations for various band models have been given by Plass (15) in
terms of the parameters 9 - 2 "a /d and x - Su/2 nct , both of
which can be obtained from the CO 2 emission and absorption
calculations. The weak line approximation is valid with an error
of less than 10% for all band models if A > 4. For the temperatures,
pressures and wavelengths used in these tests, Malkmus' calculations
yield values of A the order of 10 to 10 2 , which indicates the weak
line approximation is valid for all optical densities considered.
The values of 8 determined from Plas:' paper are the order of
10-1 ; the weak line approximation is valid (with an error less
than 10%) for x < 0.2. The situation becomes quite complex as
the applicability of this approximation satisfies only part of
the test conditions. In general the weak line approximation,
based on Plass' calculations, is valid for the longer wavelengths
and smaller optical densities.
CO 2 2.70u Band
The appellation "2.70u Band" is a simplification that
will be used to identify emission from CO 2 for wavelengths from
2.60u to 3,30u. There are two strong bands in this region. The
transition (00 0 0 ---*10 0 1) is centered at 2.69u while the transition
(00° 0 ­+ 020 1) is at 2.66u. The room temperature integrated
intensities of these bands are 42.3 atm -1 cm-2 and 28.5 atm-1 cm-2(16)
respectively, as compared to 2706 atm-1 cm-2 for the 4,26" band.
The results are shown in Figures 5 and 6.
IIT RESEARCH INSTITUTE
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I	 CO Infrared Emission
The emission intensity of the CO fundamental vibration-
rotation band (4.67u) was measured for wavelengths from 4.40u
to 5.00u
	
for a temperature of 3000°K.
	
The total pressure was one
atmosphere, and the optical density was 0.80 atm-cm. 	 The CO2
emission measurements were made before appreciable dissociation
had occurred, so that the correction of the CO 2 results for CO
emission is not necessary. 	 For equilibrium at 3000°K and a total
^. pressure of one atmosphere,	 the initial CO2 concentration becomes
54% CO 2 and 45% CO, while at higher temperatures and lower pressures
the dissociation is more complete.
The maximum emission intensity from CO for the conditions
above was approximately 0.055 watts/cm 3 -ster-u and occurred at
4.60u.	 The maximum spectral emissivity of 0,14 also occurs at
4.60u.	 As expected, the emission of CO is much smaller than an
equivalent amount of CO,) a'L the same pressure and temperature.
If dissociation had proceeded to equilibrim, 	 this amount of CO
would exist ,.ith about 0.90 atm-cm of CO 2	The emission of CO
as a perceriL-age of CO 2 emission varies from about 6% at 4.40 to
4.50",
	
to 20% at 4.60",	 and 50% at 5.004.	 The CO emission will
be of greater importance at higher temperatures.
Pressure Variation, 4.26" CO 2 Band
The emission of the hot gas depends on total pressure
f
as well as temperature and optical density. (")" )	For CO2 at
room temperature the lines are sufficiently broadened at pressures
above one atmosphere that emission is not very sensitive to
variations of total pressure. 	 Although this is not expected to
be significantly different at elevated temperatures, 	 there is
little evidence concerning the extent of broadening at high
i
temperatures.	 Self broadening is usually more effective than
IIT RESEARCH INSTITUTE
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foreign gas broadening, so the broadening pressure should be
given by P s PT (1 + v PCO2 ) . However, the coefficients v are
not well known and ;:he effect is generally small.
The relative emission intensity of CO2 at a temperature
of 2000 °K has been observed (Figure 7) for an optical density of
0.95 atm-cm, and total pressures of 0.12 atm to 2 atm. The
wavelengths investigated were 4.40", 4.60" and 4.80". The results
of these measurements indicate that the pressure dependence is
significant for total pressures somewhat less than 0.50 atmosphere.
I
Emission Spectra of N 2 -0O2 Mixtures
Emission and absorption spectra of pure gases are readily
available in the literature but spectre of gas mixtures at elevated
temperatures have not been generally of Mreat interest to
spectroscopists. The emission spectra of N 2 -CO2 mixtures have
been obtained using an r.f. discharge as a source. These spectra
will provide a comparison with the shock tribe studies of these
mixtures, and also will aid in selecting a wavelength that would
provide an in-flight quantitative measure of atmospheric
composition.
f
	
	
The output of a 5 megacycle transmitter was attached to
electrodes around a quartz tube. The spectra were recorded with
a Hilger medium quartz spectrograph, using both visible (1-F) and
ultraviolet sensitive (103-0 UV) film. The quartz tubes were one
inch in diameter, with electrodes approximately two inches apart.
'	 A slit width of 50 microns was used. All measurements were taken
with a total gas pressure of 2 mm. The emission spectra of
CO2 -N 2 mixtures with CO2 concentrations of 1.00, 0.75 1, 0.50, 0.259
and zero are shown in Figure 8. Pure CO 2 and N 2 spectra obtained
with this system are also shown for comparison. The emission from
a small mercury lmap was superimposed on each of the spectra, to
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provide a more accurate wavelength calibration than available with
the scale on she spectrograph. These spectra have not been
completely analyzed but some of the obvious features are noted.
The nitrogen bands observed include the N 2 (1+) and N 2 (2+) band
systems. When CO2 is present in the tube, the CO emission is
evident in the Angstrom, Hertzberg, Asundi, and third positive
systems.
r
4
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III.	 CO2 DISSOCIATION RATE
The rate of disappearance of CO2 behind shock waves was
monitored by observing the infrared radiation from the CO 2 4.34
fundamental vibration band.	 The dissociation rates for one
percent CO2 in Ar and N 2 were expressed in terms of both the
classical collision theory and an Arrhenius equation, and it
was found that these results were not altered by (a) 	 increasing
• the CO2 concentration up to ten percent,	 (b) adding either
^- CO2	 2or 11 0 for concentrations of these gases up to two percent,
(c) making the dissociation measurement at different wavelengths
or pass bands within the 4.34 band, or (d) making the dissociation
measurement by observing radiation from the 2.74 combination bands.
^. The required temperatures were obtained by passing a shock
wave through the test gas, which consisted of one percent CO 2 in
Ar.	 The argon serves as a }seat bath, permitting the attainment
of high temperatures that are not significantly affected by the
chemical reaction being observed.	 The pressure and temperature
behind the shock wave were obtained from measurements of initial
pressures and shock wave velocities.	 The rate of disappearance
of CO2	(X'E) behind the shock wave was determined by monitoring
the C0-
	
infrared radiation at 2.9i,.	 From a previous study of
the emissivity of the 2.74 CO 	 bands,(20)2	 it is known that for
the conditions of this experiment the CO 2 concentration is
directly proportional to the intensity of the infrared emission.
The largest CO 2 optical densities in this experiment were
of the order of 0.15 atm-cm. From previous measurements of the
spectral emissivity of these 2.74 combination bands (20) it is
known that for these optical densities the CO2 emission is linear
with optical density, and remains linear for optical densities
I
of almost ten times these values. It was also found that for
temperatures of 2000°K the emission is insensitive to total
I	 pressure above 0.50 atm. This is essentially a statement that
the weak line approximatic*_ (22) applies, which implies a
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rconsiderable overlapping of rotational lines. At higher
temperatures a larger number of overlapping lines will be excited
so that the emission will continue to be insensitive to changes
in total gas pressure.
Previous measurements of CO 2 dissociation at temperatures
of 3500°K to 6000°K were obtained from observations of the 4.3u CO2
band radiation behind incident shock waves. The higher temperatures
considered in this report are more easily obtained with reflected
shock waves, and at these temperatures it is more convenient to
observe the infrared radiation from the 2.7u combination bands.
The advantages of observing the 2.7" band emission are that
(1) the dissociation products, such as CO, are not strong emitters
at these wavelengths, so the emission signal decays more nearly
to the zero level, and (2) there is no possibility that the CO2
!^	
will be optically thick at 2.7u, whereas at 4.3" it might be.
The temperatures were calculated on the assumption that
the CO2 translational, rotational and vibrational equilibrium were
j	 complete before significant dissociation occurred, and that the
CO2 dissociation measurements were made before the ionization of
argon affected the gas temperature. The characteristic times
^.	 for CO2 vibrational relaxation, (23,24) CO 2 dissociation, and
argon ionization (2 S) (Figure 9) at these temperatures show that the
above assumptions are reasonable except perhaps for the vibrational
relaxation at the highest temperatures. Incomplete vibrational
relaxation would not affect the temperature because of the small
CO2
 :oncentration, but would be manifested by a slower dissociation
rate if dissociation from excited vibrational levels were important.
The dissociation rate constants determined from the
infrared measurements are shown in Figure 10. Th,- least squares
fit to the classical collision theory and the Arrhenius equation
yield the expressions (in cm3/particle-sec)
k = 8.95 x 10 -13 (D/kT) 3 ' 21 exp (-D/kT)	 (3)
and
k = 1.92 x 10-13 T2
 exp (-2.96 eV/kT)	 (4)
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According to the classicAl collision theory the number
of transverse translational and internal energy degrees of freedom
that contribute to the dissociation process is S - n + ^ - 3.71
for this tem perature range. For a CO -Ar collision in which1	 R	 2
{	 angular momentum is conserved, the value of S should be < 5, so
1	 this value of S - 3.71 appears to be physically reasonable. There
are several plausible explanations for the fact that this value
iof S is less than the S - 4.88 obtained for temperatures of 3500 °K
to 6000`K. As mentioned above, there is actually less ene•.-Ay
available at higher temperatures than this theory implies, because
t	 the vibrationally excited levels are not accurately represented
t	 by a harmonic oscillator. Furthermore, the vibrational relaxation
j	 may not be complete before dissociation occurs so that even the
total vibrational energy of an enharmonic oscillator will not be
available for the dissociation process. The steric factor obtained
from the data is 2 x 10 -3 if a collision radius from viscosity
measurements is used; this value is somewhat lower than the values
of — 1 to 10 -2 that would be expected if the theory is applicable,
which suggests that the physical picture is not correct.
As expec:.ed, the activation of 2.96 eV is considerably
1
' Less than the 5.5 eV for the CO2 bond energy, and is also lower
than the 3.24 eV activation energy obtained at temperatures of
' 3500 °K Lo 6C00°K.	 These results are consistent with the theories
that suggest dissociation occurs from excited vibrational levels,
but no attempt is made to determine which of these models is the
best description of the process.
The dissociation rates determined from the W radiation
are iven as a function of temperature in Figure 11.	 Theg	 P	 g least
1
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squares fit of this data to the classical collision theory and
the Arrheniils equation yields the expression (in cm3/particles-sec)I
k - 2.89 x 10-12 (D/kT) 2.04 exp(-D/kT)	 (5)
I
k - 1.61 x 10 -13 T^ exp( - 3.68 eV/kT)	 (6)
respectively. The scatter of the data based oil 	 measurements
is greater than that of the infrared but the accuracy is still
sufficient to provide a comparison. The primary reason for
this scatter is that the measurement is obtained from x slowly
rising oscilloscope trace, while the infrared measurement is
on a rapidly decreasing signal.
A comparison of these measuremen ts with the rates deter-
mined fror.. the infrared radiation suggests that two different
reactions are being observed. The rate constants from the infrared
observations are about a factor of three larger the- those deter-
mined from the LIV measurements. This result might have been
anticipated from the previous comparison of our infrared obscr-
Ivations with the rate constants obtained from UV measurements of
Brabbs et al, (21) but the simultaneous measurement of these rates
'	 on the same shock wave provides a more satisfactory comparison.
Considering the range of temperature;, involved, the activation
t energy of 3.68 eV is in good agreement with the 3.73 eV obtained
at temperatures of about 3000°K, and is considerably higher than
the 2.96 eV from the infrared measurements. Since it is believed
'	 that the rate obtained from the UV observations does not represent
the CO2 dissociation rate, no attempt has been made to interpret
'	 the constants obtained in the classical collision equaticn.
A summary of shock tube measurements of CO 2 dissociation
for temperatures from 2600°K to 11,000°K is presented in Figure 12.
The solid liner- indicate the temperature range over which data
was obtained for each curve, and the dotted lines are extrapolations
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to other temperatures. The rate constants determined from the
two sets of infrared measurements are in agreement, and are higher
than the W measurements b y about a factor of three. Considering
the temperature range over which the extrapolation is made, the
UV measurements made in these experiments are in fair agreement
with the lower temperature results of B rabbs et al.
a
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i	 IV.	 CO DISSOCIATION RATE
The thermal dissociation rate of CO has been observed
for temperatures from 7000°K to 9000°K. The high temperatures
were obtained by passing a shock wave through a test gas consisting
of two percent CO in Ar. The argon serves as a heat bath,
permitting the attainment of high temperatures that are not
significantly affected by the chemical reaction being observed.
r•	 The pressure and temperature of the gas behind the shock wave were
obtained from measurements of the initial pressures and shock wave
velocities. The rate of disappearance of CO(X l E+ ) behind the
shock wave was determined by monitoring the CO infrared radiation
at a wavelength of 4.65", the wavelength at which the CO fundamental
vibration band exhibits maximum emission at these temperatures.
For the conditions of this experiment the observed infrared
emission is directly proportional to the CO concentration, so
the dissociation rate can be determined from a characteristic
time of the radiation decay.
The infrared signal represents emission from the fundamental
vibration band of CO(X I L). When the shock wave passes the slit
cyst	 there is an initial rapid rise in the infrared emission
as the ,est gas is compressed and heated. Following this rise,
there is a nearly exponential decay of emission intensity, which
r
indicates a decrease in the population of excited vibrational
levels of CO(X 1Z) and is interpreted as CO dissociation. For
the conditions of this experiment, the infrared emission intensity
1	 is proportional to the CO concentration. The temperature and
pressure of the hot gas depend primarily on the thermodynamic
properties of argon and are not significantly affected by the
chemical reaction behind tha shock wave. The CO optical densities
are the order of 0.15 atm-cm, which is well within the region
that the CO emission is linear with optical density.
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The ultraviolet visible spectrophotometer channel was
used to monitor emission from the CO (3,0) Triplet band at a
wavelength of 6434 A. Emission from CO electronic band systems
is not generally observed in shock heated gases because thermal
equilibrium populations are too low to provide measureable emission.
It is known that greater-than-equilibrium populations in CO
triplet energy levels are attained in the presence of a rare gas, (26)
and in this investigation the emission from a number of CO br.nds
•-	 originating on triplet energy levels has been observed with a
gas mixture of two percent CO in argon. The emission profile of
the (0,0) (0 9 1) (0,2) and (0,3) 3 A bands and the (3,0) Triplet
band appear very similar, and of these the CO Triplet (3,0) band
was selected for further study.
The time required to reach the maximum emission signal for
the CO Triplet band is about 50" s to 100" s longer than for the
`	 infrared signal, and is presumably determined by the rates ofy
excitation of A( P)atoms and their subsequent collisions of
the second kind with CO(X 1E) atoms. Whatever the excitation
mechanism is, the net result is to produce a greater than
equilibrium population in the CO(d 3 '^) v_ 3 energy level, and after
• reaching 	 maximum the emission from this ene rgy level de caysg	 gY	 Y
at approximately the same rate as the infrared emission.
The dissociation rate constants determined from the
infrared measurements for temperatures from 7000°K to 9000°K are
shown in Figure 13. The least squares fit of this data to the
Arrhenius equation and the classical collision theory yield the
expressions (in cm3/particle-sec)
k = (5.80) 10 -12 T2
 exp (-8.00 eV/kT)	 (7)
k = (9.38) 10 -13 (D/kT) 3.88 exp (-D/kT)	 (8)
respectively.
The activation energy of 8.00 -V is, as expected, lower
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than the 11.1 eV CO dissociation energy, which is attributed to
the relatively high vibrational excitation at these temperatures.
This result is consistent with the various theories that suggest
disso Ration occurs from excited vibrational levels (27,28,29)
but Aoes not provide sufficient evidence to choose among them.
According to the classical collision theory, the number of
trr:nsverse translational and internal energy degrees of freedom
that contribute to the dissociation process is S = n + ^ = 4.38.
For a CO-Ar collision in which angular momentum is conserved the
value of S should he < 2, so the results obtained in this _nvesti-
gation suggest this theory is not applicable to CO dissociation.
A steric factor of 3 x 10 -3 is obtained from the data if the
viscosity collision radius is used; this value is lower than the
values of about 1 to 10 -2 that are expected if the theory is
applicable, which offers a further suggestion that the classical
collision theory is not a satisfactory description of CO dis-
sociation.
The rate constants obtained from the CO Triplet band
emission over the same temperature range are shown in Figure 14;
the least squares fit of this data to the Arrhenius equation and
classical collision theory yield the expressions (in cm3/particle-
t	 sec)
k = (4.24) 10 -12 T^ exp (-7.58 eV/kT)	 (9)
and
k = (1.98 10 -13 (D/kT) 4.54
 exp (-D/kT)	 (10)
respectively. The activation energy of 7.58 eV is in fair
agreement with the 8.00 eV obtained from the infrared observations,
which indicates that the temperature variation of these two rates
is similar. The dissociation rates obtained from the CO triplet
band emission are from 20 to 50 percent higher than the infrared
measurements for this temperature range. The application of
this data to the classical collision theory yields results similar
„.	 IIT RESEARCH INSTIT I TE
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to the infrared data, in that the value of S - 5.04 is greater
than allowed by the physical picture of CO -Ar collisions, and
the steric factor of 2 x 10 -3 is less than expected.
A possible interpretation of these results is that the
decay of the CO Triplet emission is related to the CO dissociation,
but in a more complicated way than the assumption that the
population in the CO(d 30 v level is proportional to the total-3
CO population.	 The excitation of the CO Triplet energy levels
probably occurs through collisions of the second kind between
CO( 1 E) and Ar( 3 P) atoms,	 following excitation of the argon to
triplet levels.	 Of the three Ar( 3 P)	 levels near 11.5 eV,	 the
3 P 2 and 3 P are metastable while the 3P1 is radiatively connected
with the ground state.	 All three Ar( 3P)	 levels are within an
energy range of 0.17 eV, and since for this experiment
kT > 0.5 eV,	 it is likely that transitions among these Ar(3P)
states occur so frequently that they may be r.garded as one st-.-e.
If this is the case,	 the three levels can be considered as one
(n,-)n-metastable)	 state, and the concentration of Ar atoms in
this "state" is determined by difference between the rate of
e population by Lhe cascade from higher levels and collisional
population of the Ar( 3P )	 level, and the de-population by
radiation from the Ar( 3P l ) level and excitation from these three
levels.
The concentration in this "state" and the rate of the
process involving a collision of the second kind are not
sufficiently well known that the assumption of a CO(d3d)
population proportional to the CO concentration can be justified.
However, the fact that the rate obtained from these observations
is in fair agreement with that obtained from the infrared
radiation suggests that this is approximately correct. 	 As far
as the reaction rates in CO 2 -N2 ,atmospheres are concerned,	 the
significance of these results is that the emission profile yields
a reaction rate within a factor of two of the CO dissociation
rate.	 This suggests that the CO dissociation could be determined
l
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for temperatures at which the reaction cannot be followed by the
relatively slow InSb infrared detector.
The observations of CO dissociation rate made at temperatures
up to 12,000°K were analyzed on the assumption that the CO dis-
sociation could be measured before the argon ionization affected
the temperature. The rates obtained in this manner are shown in
Figure 15, along with an extrapolation to these higher temperatures
of the rates determined for 7000°K < T < 9200°K. These dissociation
rates are everywhere below the extrapolations of the lower
temperature rates, by an amount that increases with temperature
to a factor of about two at 12,000°K. Although the rate deter-
mination at these temperatures is considered less reliable than
at lower temperatures because of the uncertainty of shock wave
properties, the observed temperature dependence is as expected.
If dissociation is more Probable from excited vibrational
levels, (27,28,29) the activation energy should decrease as the
temperature, and therefore vibrational excitation, increases.
The difference between the observed high temperature rites and
the extrapolations of lower temperature results is approximately
the same as observed in other studies.
A fit of the higher temperature data (9500°K < T < 12,000°K)
to the Arrhenius expression yields an activation energy of 5.50 eV
and a rate constant of k = (2.62) 10 -13 T^ e -5.5 eV/kT	 This is
presently the best estimate of the CO dissociation rate for
T > 10,000°K. The Arrhenius expression for all the observations
from 7000°K to 12,000°K is k = (1.89 10 12 T^ exp (-7.2 eV/kT).
The expression determined with all the data is not the best tit in
any smaller temperature interval, but rather a compromise that
provides the best description over the entire temperature range
afforded by the Arrhenius equation.
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V.	 CN FORMATION RATES
The reactions leading to CN formation in shock heated
CO2 -N2 have beat -onsidered in an effort to provide an analytical
expression for the CN formation rate, from which one or more
rate constants for specific reactions can he determined. To
provide a simultaneous solution for the competing reactions in
this ga ,^  mixture it would be necessary to use an electronic
computer, but it is possible to obtain some approximate solutions
that are applicable to selected regions of the shock wave. In
the region just behind the shock wave the approximate expressions
for the concentration profiles of interest are:
(CN) - k 3 k 5 (CO) (N 2 ) (0) t212
( N ) - k 3 (N2 )(0) t
I
U
(C) = k21 (M) (CO) t + k 3 k 7 (0 ) ( N 2 ) (CC) C2
where M is total density "and t is time as ter the shock.
An indication of the accuracy of these expressions has been
obtained by comparing these approximate concentration profiles
with those calculated with an IBM 7094 computer program that
provides a simultaneous solution of the 24 possible reactions.
These results are shown in Figure 16, in which the mole fractions
of C, 0, N, CO, and CN are compared for the approximate expressions
and the computer program, for a temperature of 5200°K and a
total gas pressure of 0.5 atm. These results suggest that for
these experimental conditions (1) the use of CO and 0 equilibrium
concentrations is justified for t > 30" sec, and would overestimate
the CO and 0 concentrations by a fact+-r of < 2 for t > lu sec;
(2) the N atom concentration is underestimated by a factor of
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Fig. 16	 Mole Fractions of CO,	 0,	 N,	 and C vs. Laboratory
Time. Solid Lines - Computer Program; Dotted
Line - Approximate Values.
V
< 2 for times from lu sec to 1000u sec. Thus the errors
introduced in the approximate expressions for CO, 0, and N tend
to cancel each other.
The rate constants for the reaction CO + N--4 CN + 0
obtained with a gas mixture of ^% CO2 -4^% N 2 -95% Ar are shown
in Figure 17. A least squares fit of the rate constant data to
an Arrhenius equatiin yields the expression
k = 1.77 T^ e -(3.20 eV/kT) (cm 3 /particle/sec)	 (9)
1	
which implies an activation energy of 3.2 eV and a collision
efficiency of 7.3 x 10 -3 . The rate for this reaction determined
in CO-N2 gas mixtures is
(	 k = (1.60) 10 -13 T^ exp (-3.02 eV/kT),	 (10)
I
which is
here for
reaction
transiti
Otozais'
within the experimental error of the rate presented
CO,-N2 atmospheres. The activation energies for this
obta^ , ied from these two measurements, calculated from
on theory, (30) and obtained with Hirshfelders (31.) and
rules (32) are compared in Table III.
TABLF III
A CTIVATION ENERG Y FOR THE REACTION CO + N --o- CN + 0
Shock Tube Measurements	 Source Activation Energy
(eV)
CO-N2 Atmosphere	 3.02
CO-N2 Atmosphere	 3."0
^.
Transition Theory	 3.73
Hirshfelder Rule	 3.56
Otozai Rule	 5.25
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It is of interest to compare the equilibrium and non-
equilibrium properties of the CO-N 2 and CO2 -N2 atmospheres, both
I^ in terms of the reaction rate and transition probabilii:y measure-
ments that might be made in each gas mixture, and to consider the
effect that small amounts of 0 2 or other gases might have on
radiative properties of the gas. 	 A calculation of the equilibrium
concentrations shows in general that the amount of CN in heated
CO2 -N2 is about an order of magnitude less than in CO-N 2 , and that
the amount of NO in the CO 2 -N 2 atmosphere is an order of magnitude
greater than in CO-N 2 at the same temperature and pressure. 	 These
calculations are in agreement with our observations of emission
from these gas mixtures at wavelengths characteristic of NO and
CN emission.	 An example of these calculations is shown in
Table IV in which the equilibrium concentrations are shown for
gas mixtures of 2% CO-42% N 2 -95% Ar and ^% CO 2 -42% N2 -95% Ar,
at a temperature of 5000°K and a pressure of 0.5 atm.
TABLE I V
EQUILIBRIUM CONCENTRATIONS AT T = 5000°K and P = 0.50 ATM
PARTICLE DENSITY (cm 3)
Molecule	 CO2-N2-Ar	 CO-N2-Ar
CO	 2.4 x 10 15 	2.1 x 1015
N2	 2.0 x 10 16 	2.0 x 1016
CN	 2.5 x 10 13 	<	 1.3 x 1014
NO	 2.6 x 10 13 	>	 4.2 x 1012
} C	 6.5 x 10 13 	<	 4.6 x 1015
[
N	 4.6 x 10 15	 4.6 x 1014
0	 2.5x	 1 1 '	 = 	 4.1x1014
^. Ar	 4
	
1.
_	
4.7 x	 1017
1#
rr
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It has also been observed in the laboratory that the
overall. rate at which CN approaches equilibrium in CO 2 -N 2 mixtures
+ is considerably slower than in equivalent amounts of CO-N2,
although this is not evident in the :.nitial slope. It appears
hat the initial rise related to the reaction CO + N --RCN + 0
is approximately the same in both gas mixtures, but that the
presence of atomic oxygen greatly inhiLiLs the more rapid
production of CN which occurs at later times in CO-N2.
C^
L
0
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IVI.	 NO FORMATION RATE
The emission from shock heated CO 2 -N2 gas was observed
0
for a temperature of 5500°K and for wavelengths of 2000 A to
O
3000 A in order to determine the spectral region of most interest
for a detailed study of the production of NO (A 2 E) molecules.
The emission in this spectral region includes contributions from
the NOY bands with upper vibrational levels from zero to seven.
The relative intensities measured for the NO emission are shown
in Figure 18 along with calculated emission profiles for the
NOY and NOO band systems. The emission intensity depends on
^-	 the product of the transition probability for the emitting energy
level, the number of emitters, and the energy of the transition.
f	 At a given wavelength the intensity of a given band system is
approximately proportional to the product of oscillator strength,
^.	 overlap integral and numbers of emitters, i.e.
U
	 I « f q n
where f, q, and n are the oscillator strengths,Franck-Condon
factors,and number densities for the appropriate transitions.
The values of (fqn) were calculated for strongest NOY and NO$
transitions in the wavelength region of interest, and normalized
to a value of 10 for the highest intensities.
The study of the formation of NO in the A 2 E state was
conducted primarily at a wavelength of 2365 A which provides a
measure of the population in the NO (A2E)v=1 energy levels.1
	
	 0
Additional data was obtained at wavelengths of 2000 A to 3000 A
to provide a comparison of both the formation rates and the
transition probabilities for various vibrational levels of the
A 2 Y state. The approach to equilibrium of the population in
the NO (A 2 Z) electronic energy level was monitored by observing
the emission at NOY (1,0) band; additional measurements indicate
that the formation rate of NO (A 2 Z)molecules in other vibrational
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levels is quite similar, and observations of infrared emission
at 5.4" suggest that the formation of NO (XE) molecules occurs
at essentially the same rate. The observations were made in
groups of 5 or more measurements at a small number of temperatures
and pressures. The calculated No concentration profiles were
then compared to the average of a number of measurements made at
the same temperature and pressure, so that the effect of variations
among supposedly identical shock waves can be minimized.
In order to determine the relative importance of the
various possible reactions, each reaction rate was varied by a
' factor of 10+1 from the nominal rates. The resulting NO profiles
were then compared with those obtained with the previous results.
In this manner it was possible to determine that the NO formation
is essentially independent of some of these reactions for a
reasonable variation of these rates, and to focus attention on
those reactions that have the greatest influence on the NO
formation rate. The reactions involving NO which are of importance
in controlling the NO formation in this temperature and pressure
range include:
I	 N2+0	 NO+N
CO + N	 C + NO
C + NO
	
CO + N
t
The first of these reactions, N 2 + 0-*NO + N, has been measured
in this same temperature range, and is presumably sufficiently
well established that, in relation to the other reaction rates,
it can be considered known. The relative importance o£ the other
three reactions was evaluated with the variation of the rates on
the computer program. The reactions involving NO that do not
f
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influence the NO formation rate at these temperature.3 and
pressures are:
NO + 0	 02 + N
NO+M r:— N+O+M
C+NO	 —= CN+O
	
'	 The rate of the reaction CC + N----)C + NO, is apparently
one of the most important reactions in determining the NO
concentration profile behind the shock wave. There are three
Iobservable quantities that depend on this reaction rate:
(1) the initial slope of the NO concentration with time,
(2) the ratio of maximum NO concentration to equilibrium
1	 NO concentration, (i.e. the degree of NO overshoot),
and
	
`	 (3) the time required to reach the maximum NO
concentration.
It is therefore possible to estimate this reaction rate by
comparing the observations of these three quantities with the
values obtained from the computer program.
I
By comparing the observed to the calculated profiles,
and by using these criteria,it was determined that the best fit
for the rate of the reaction CO + N----)NO + C is:
k = 1.0 x 10-14 Tr	 e-30,000/T cm 3 /particle - sec.
(11)
This rate appears to provide the best fit for the measurements
in the temperature range from 5000°K to 6000°K, and necessarily
	
_-	 depends on the accuracy of the ether reaction rates involved in
the analysis.
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The most striking feature of the NO formation, comi•4-.re4A to
the CN formation at the same temperatures anti pressures, is the
fact that the NO concentration overshoots the NO equilibrium
concentration for all the cases considered here, whereas the
CN concentration approaches the equilibrium value monotonically.
Since this feature has often been observed 4.n studies of NO
formation in shock heated al., the NO equilibrium overshoot in
COL	N2 is not surprising, ar;d is in fact a useful feature in
determining the value of at least one reaction rate. This over-
shoot is reminiscent of the NO over:.:ioot obser y?d in shock heated
N 2 - 02 that results from the interaction of the two reactions
I
N2 + 0	 >	 NO + N
0, l + N	 NO+ N.
tThis feature in CO 2 - N 2 gas mixtures presumably results from
a similar chain in which the CO replaces 02 , i.e.
i
CO + N	 --	 NO + C
N,) + 0	 NO + N
However the kinetics is more complicated in CO 2 - N2 because the
source of oxygen atoms is the reaction CO 27-o CO + 0, which occurs
1	 rapidly behind the shock wave providing a nearly steady supply of
oxygen atoms, and this set is accompanied by another pair of CN
reactions, i.e.
CO + N	 CN + 0
N2 + C	 j	 CN + N.
V
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VII.	 CN VIOLET BAND f-NUMBER
Measurements of a transition probability for the CN
Violet bands were made from observations on the CN emission
O
intensity at a wavelength of 3880 A, which is primarily due
to the CN Violet (0,0) band. The CN population in the excited
(B2 1:) state was produced by passing a shock wave through dilute
i	 i„txtures of CO-N
2 
in argon. After equilibrium is reached the
CN mole fraction in these gas mixtures is sufficiently high
1	 that emission at this wavelength is predominantly from CN. The
gas mixtures considered included CO/N 2 ratios from 0.15 to 0.9.
'	 Temperatures varied from 4500°K to 6000°K, and total pressures
from 0.1 to 0.8 atm.
'
	
	
The f-number for the CN Violet band system was obtained
by determining the CN emissivity from a comparison of the CN
'	 emission with that of a calibrated tungsten lamp, and by making
use of Kirchoff's relaCion ^ - 1-e -ku where a is the emissivity,
I
k is the absorption coefficient and u is the optical density.
The observed emission intensities for the hot ga g and the tungsten
lamp are given by
C
I g = - 9	 B(w, Tg ) (VO) 9 6w, and	 (12)
I L = 4; L B(w , TL) (AO )L Ow ,	 (13)
where eg9L are the emissivities of the gas and tungsten lamp,
'	 t is the gas thickness, B is the black body radiation function,
Tg)L are the gas and lamp temperatures, w is the wave number,
'	 (VO)9 is the product of gas volume and solid angle, (AO) L is
the product of the tungsten lamp area and solid angle, and
i
Ow is the band pass. The gas emissivity is then given by
C B(w, T ) (AO)
_
	
/E	 L,	 L	 Ll^g	 (EgL) t	 B(w, TL ) (VO) 9	(.14
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where E 99 
are the signals observed on the oscilloscope traces
for equilibrium emission from the hot Ras and the standard lamp.
The absorption coefficient is
k M 
u-1 ln(l - 0- 1  	 (15)
and an average absorption coefficient can be written as
V - Si /d1	(16)
where S
i
 is the rotational line intensity and d is the rotational
line spacing.
The use of an average absorption coefficient implies that
either there is sufficiert overlapping of the rotational lines
that the absorption coefficient is a slowly varying function of
wavelength throughout the monochromator slit width, or that the
absorption is small at all regions with the band pass. The first
of these is achieved if the mean rotational line spacing is less
than about three times the line half-width. At a temperature of
5000°K , the Doppler half-width for CN is b  = 0.44 cm -1 ; if the
collision half-width is tic = 10 -1 (P/P0 )/(T/T0 ) 112 cm -1 , at a
temperature of 5000°K and the pressures used in this experiment,
the collision half-width Is approximately 10 -2 cm- 1. The mean
rotational line spacing, accounting for the overlapping of lines
because of the band head formation, is approximately 1.5 cm-1.
The splitting of the CN( 2 E) levels (33) will reduce this by at
most a factor of three. Thus it appears that the line spacing
is > the line half-width, and the first criteria for a smoothly
varying absorption coefficient is not satisfied, which suggests
that observation with high resolution at these temperatures
would show that the CN Violet bands have a rather open structure.
IIT RESEARCH INSTITUTE
51
absorption coefficient
n is small at the center
The absorption coefficient
Doppler and resonance
However, the use of an average
can be justified because the absorptio
of the most intense rotational lines.
of a rotational line that has combined
contour is (34)
2
k(uu) - k' (a/n)	 e
_ 
y	 [a 2 + (8 - (L) 2 ] -1 dy	 (17)
m
whcr^
I
a - (bN + bc) (ln2)1/2/bD'
S - w- w l	 ln2 1/2/b( 	 o. (	 )	 / D,
ib N O cb and b D are, respectively, the natural, collision and
Doppler half-widths, and w  is the wave number of the line
center, and S is the rotational line intensity. Since the
value of a is approximately 0.02, the absorption coefficient
at the rotational line center is very nearly equal to k',i.e.
r	 kmax = S 	 kb2/n /bU -	 (18)1
'	 Using the maximum value of the line intensity included in the
monochromator band pass yields values of k'u (at 5000°K) of
0.03 to 0.13. Thus the fractional absorption is always less
Ithan 15 percent, and the use of an average absorption coefficient
is probably a valid concept for the results of this experiment,
even though it cannot be justified on the basis of overlanping
rotational lines. These results are consistent with the
observed emissivities of 0.03 to 0.15.
The distance of rotational lines from the band center,
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I
assuming the effect of centrifugal force oii the rotational
energy is negligible, is given by
f	 w -wn = B+ m+B m2 ,	 (19)
I
where B+ and B = oO are, respectively, the sum and difference
1	 of the rotational constants in the upper and lower states, and
m is -j, j+l for the P and R branches, respectively. The
ldistance between rotational lines is
d = I B+ + B (2 m + 1) I	 (20)
which for the P branch is
dj = B+ - B (2 j - 1) j = 2 (B" - j 6B) .	 (21)
I
The average absorption coefficient given above differs from
those used by Penner (35) and Keck et al (36) in the expression
used for the rotational line spacing. In those two references
the line spacing is
di = 2 jAB,	 (22)
which implies that 2 j >> 1 and 2 jAB >> B+ . The band pass
used in this experiment includes transitions in the P branch
from levels for j = 0 to about 60. Thus,on the average,
I2 j — 60 and, since B+ is 3.85 cm -1 and B is _ 6.8 x 10 -2 cm-1,
2 jAB is the same order as e. Therefore the use of the
expression Aw = 2 jAB for line spacing does not appear to be
justified in this study.
The observations were made at a wavelength of 3880 A,
00with band passes of both 15 A and 5 A. Therefor,, thn observed
emission is primarily from the CN Violet (0,0) band, but not
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all of this vibrational band is included in the band pass. This
band arises from the transition CN(B 2 E)v1.0- 4 CN(X2
 Z) V11=0;
the wave number of the band center is given by
W0 = (T' - T") + (G' - G") + (F' - F")
	 (23)
where T, G, and F are the electronic, vibrational, and rotational
energies (in cm -1 ) for a given energy level; the single prime
refers to the upper level and the double prime to the lower level.
The vibrational and rotational energies are approximately
G (v ) = we (v +) - we e (v + I) 2
	 (24)
F(j) = Bj (j + 1) - D j2 (j + 1) 2 	(25)
The constants for the CN(B 2 E) and CN(X2 E) energy levels are
given in Table V, and the location of the band head is given
by w = w  - (B' - B")2/(46B). Using these expressions it can
be seen that the band center and band head of the (0,0)
transition are, respectively, at the wavelengths 3876.3 A and
3883.4 A; the band center and band head of the CN Violet (l,l)
transition are at 3864.5 A and 3871.4 A. Therefore the observed
emission is primarily from the p branch of the CN Violet (0,0)
band, with a small contribution from the P branch of the (1,1)
band.
The f-numbers obtained by the method described above
are summarized in Table VI along with the range of experimental
conditions for which the emission measurements were made. The
hest estimate of the f-number presently available from this
investigation is f = .030 + .003; this value was obtained by
averaging all the individual measurements as there is no reason
for assigning a greater weight to the results obtained with any
particular gas mixture.
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TABLE V ( 33)
Spectroscopic Constants for CN
Constant CN(B2 X)
T 	 (cm -1 ) 25,751.8
(cm -1 ) 2164.13
e
(cm -1 ) 20.25
e
Be	 ;;cm -1 ) 1.9701
a	 /cm- 1) 0.02215
re	(10 -8 cm) 1.1506
CN (X 2 E)
0
2068.71
13.14
1.8996
0.01735
1.1718
s
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Several previous determinations of an f-number for the
CN Violet bands are available for comparison with these results.
White (37) gave a value of (2.6 + .6) 10 -2 from emission measure-
ments made with a furnace, but later (38) stated that his estimate
of CN concentration was in error by a factor of four, which
implies that the f-number is (10 + 5)10 -2 . Bennett and Dalby(39)
have determined an f-number for the CN Violet bands by a direct
measurement of the radiative lifetime of the CN(B 2 E) energy
level... The CN(B 2 E) energy level was populated by electron
bombardmer'-. of HCN, and intense emission was observed from the
CN Violet Av = 0 sequence for vibrational quantum numbers up
to four. The lifetime of the B 2 E state was given as
(8.j + .6)10 -8 oec, which corresponds to an f-number of
(2.7 + 3)10 -2 at a wavelength o f 3900 A. Fairbairn (40) has
obtained an f-number for the CN Violet band system from obser-
vations of the emission from CO 2 -N2 gas mixtures behind
reflected shock waves. For a dissociation energy of 7.6 eV
he found an f-number of .032, but attached no error to this
value. These results are summarized in Table VII in which it
is shown that there is good agreement of f-numbers obtained
with the different experimental techniques, except for the
corrected value given by White. (38)
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VIII.	 CN RED BAND f-NUMBERS
Individual hand f-numbers for the CN Red bands were
obtained from measurements of emission for a number of CN
0
vibrational transitions in the spectral range from 6000 A to
0
11,000 A. The particular transitions observed include emission
from CN (A 2 n) vibrational levels from v' = 0 to v' = 7. The
CN population in the excited (A 2
 rr) state was produced by passing
a shock wave through dilute mixtures of CO-N 2
 in argon. After
equilibrium is reached the CN mole fraction in these gas mixtures
is sufficiently high that emission at this wavelength is pre-
dominantly from CN. The temperature varied from about 50;,0°k to
6000°K and the pressures from 0.20 to 0.50 atm.
The emission from the shock heated gas was monitored at
0
a temperature of 5500 A to 1.4u. This was done to determine the
wavelengths and LN Red transitions that would provide the most
unambiguous and reliable measure of the population in the
CN(A 2
 rr) electronic energy level. (41) These measurements should
be made in a spectral region for which the CN Red band emission
is much greater than that from the N,,, CO, or NO band systems
included in the monochromator band pass. The CO band systems
at these wavelengths are not strong emitters for the conditions
of this experiment, and, as expected, no CO band emission was
observed for comparable temperatures, pressures and instrument
sensitivities. The N2 (1+) band system does overlap the CN Red
band system, and it was found that for the spectral region near
5500 A the N 2
 emission must be subtracted from the total signal
in order to determine the CN emission intensity.
The f-numbers for individual vibrational transitions
I
	 were determined and the results summarized in terms of an effective
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relectronic f-number for the entire band system. The f-number
for the transition (n'n") is
8 n2
fn I 'nip	 c	 r0	
wn t n"	 R ( r )	 qn ' n"
	 (26)
where R(r) is the transition moment evaluated at the internuclear
centroid rnin „ of the transition. (42 	 The use of an electronic
f-number implies that either the transition moment is constant
or that an average value can be used for this quantity. This
is generally a good assumption if the change is internuclear
distance is small, and the band system is confined to a narrow
spectral region. The effective electronic oscillator strength
is usually defined as
c
f	
=	
8 7 2	 R r	 2
el	 wgn„ (27)
where 1 represents some (rather poorly defined) average wave
number for the entire band system. If the oscillator strength
and Franck'-Condon factor are known for one vibrational transition,
the effective electronic f-number can be obtained with the
expression
fn,nil
f el	 q n , n,l Wn' n"
(28)
The validity of using an electronic f-number can be
assessed by obtaining f-numbers for a number of vibrational
transitions and examining the variation of the transition moment
with the r centroid.
The measured oscillator strengths for CN Red bands
are summarized in Table VIII. The f-numbers previously given
for the CN Red (2,0) transition is also included in this table.
The individual band f-nur ►.bers were used to provide an effective
oscillator strength for the (0,0) transition. These values
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.	 R
1 provide sn indication of the extent to which the use of an
average f-number for the entire band system is justi£ie-i for
the CN Red band system. 	 The conversion to an f-number for
the
	
(0,0)	 transition is included because of the necessity of
using a somewhat ambiguous average wave number in the expression
for an effective electronic f-number.	 The dependence of the
t-ansition moment on the internuclear distance for the 1,Jhock
tube data is shown in Figure 19.
	
The values of the transition
moment are shown as a function of the r-centroid, and compared
1 to values of the quantities deduced from the papers of
Dixon and Nicholls (42) and Jeunehomme. (43 ) 	 The measurements
are based primarily on the
	 (0,0),	 (2,0),	 (3,1)	 and	 (7,2)
transitions, and are consistent with some additional less
` detailed measurements made in the spectral range from 6000 A
0
to 14,000 A which include r-centroid values from approximately o
1.00 A to 1.25 A.	 Although the experimental uncertainties are
rather large,	 the general trend of the data suggests that the
transition moment increases with increasing internuclear
separation.	 The var— ion of the transition moment with the
r-centroid for this data lies between that given by the previous
studies, and can be described by the expression
R(r) = R(ro9o )	 f 1 + 1.2 (r
n I n „ - ro,o ) ,	 (29)
1.05 A < r < 1.20 A
These resultssuggest that the transition moment varies smoothly
with r in this range of separations, but the variation is about
t	
the same order of magnitude as the uncertainty in the eAperi-
t	 mental results.
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IX. 
	
CH,, DISSOCIATION RATE
1I
t
t
cml
1
Y
The investigation of reactions related to heat shield
material ablation was initiated with an analysis of the equilibrium
composition of shock heated methane, and measurements of the
optical properties and the dissociation rate of CH 
4* 
The
absorption of the CH 4 v 3 infrared transition was investigated
to determine experimental conditions for which the infrared
emission or absorption of methane is linearly related to the
methane concentration. Measurements of the infrared absorption
of CH  were made over a ranee of CH  concentrations and total
gas pressures at room temperature, and the results were extra-
polated to the temperatures of interest. The thermal stability
of CH  is such that direct measurements of CH  absorption at
t'_iese high temperatures are not possible. The equilibrium
composition of shock heated methane at temperatures above 1500°K
will contain only small amounts of methane; other hydrocarbons
such as CH 
21 
rH 3 and CH, and s",Mid carbon are the predominant
species at these conditions.
The emission was monitored over the spectral range from
3.04 to 4.0µ to determine the wavelength that yields the largest
signal related to CH  emission, These measurements were made
at a temperature of approximately 2310°K, using a spectral slit
width of 0.054µ. There is little doubt that the emission at a
wavelength of a 3.40µ is primarily from CH 4 , as long as
significant quantities of methane exist. After the methane is
dissociated there is generally a measureable signal remaining;
this is attributed to emission from other hydrocarbons, although
a complete identification has not yet been made. There are
several peaks that are tentatively identified, such as the C 
2 
H 2
at 3.04µ and C 
2 
H 
4 
at 3.214. On the basis of these observations
it was determined that a reliable measurement of CH  concentration
could be made at a wavelength of about 3.4p. Although the
residual signal may be attributed in part to other hydrocarbons,
i
i
i
i
i
i
i
the decaying signal. is related only to CH  since the concentration
of other molecules are expected to be increasing in the region
just behind the shock wave. The test gas used in these measure-
ments consisted of 3%CH 4 -97/Ar. The observations were made
at temperatures from 1800°K to 2800°K, and over a total pressuro
range from 0.2 atm to 1.0 atm.
The two reactions that are considered most likely to
be the initial steps in methane dissociation are:
CH 	 CH  + H	 H = 100.5 kcal)
CH4	CH2 + H2	(^ H = 85.1 kcal)
The initial dissociation probably proceeds through either the
second reaction or a combination of both. In either case the
rate of change of the CH  concentration is given by an expression
of the form
d (CH4 ) / d t= k (M) a (CH 4)b
	
(30)
where (M) is the total number density, and (a) and (b) are
constants that depend on the order of the reaction with respect
to the total number density and the methane concentration,
rexpectively. If the reaction is first order with respect to
the methane concentration (b = 1), the instantaneous CH 
concentration is given by
(a,4) =- (CH4 ) o e- k  (M)	 ta (31)
where (CH4 ) o is the initial CH  concentration; in this case the
reaction rate is
k =
	
In 2
(M) a tl/2
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(32)
where t l/2 is the half-life for the reaction. If the reaction
is second order with respect to methane (b = 2) the instantaneous
CH4 concentration is g iven by
(CH4 ) -1 = (CH4) o 1 + k (M ) a t	 (33)
and the reaction rate is
^.	 k =	
1 
a	 (34)(CH 4), (M) tl/2
The development could be extended to higher order reactions, but
it is not necessary to do so for this problem.
The infrared emission from CH 4 is used to determine the
order of the reaction for CH  and total concentration, and rate
of the CH  disappearance. As indicated above, for the conditions
of this experiment the observed infrared emission is directly
proportional to the methane concentration. The order of the
reaction with respect to methane concentration can therefore be
determined from the observed variation of the intensity as a
function of time behind the shock wave. If the reaction is first
order in methane, a plot of lnI vs t would be linear, and if it
is second order a plot of I -1 vs t would be linear. This is a
relatively simple and accurate way to determine the degree of the
reaction, assuming that the order is integral.
The order of the reaction with respect to the total
concentration was investigated by examining the dependence of
the measured half.-life and the rate constants on the number
density and pressure. A plot of the rate constant or the half-
life vs number density yields no obvious trend within the
1	 scatter of the data, which suggests no dependence of the
reaction rate constant on the total number density. The product
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of the measured half-life times the number density is shown
as a function of number density in Figure 20. The slope of
this plot is very nearly the average measured half-life, and
it is concluded that the dependence on number density is
zeroth order.
The measured rate constants are shotin as a function of
temperature in Figure 21. These rate constants fit to the
Arrhenius equation yield the expression
k = 4.36 x 108 e -2.22 eV/kT	 (35)
for the temperature and pressure ranges of
1900°K < T < 2800°K
0.2 atm < P < 1.0 atm
These results suggest that the activation energy is 2.22
eV (51 kilocalories) and a collision frequency of 4 x 10 8 sec-1.
In general it is expected that the activation energy at high
temperatures will be less than the heat of formation, and to
this extent the activation energy is consistent with those
measured for other reactions.
Subsequent to this particular investigation the rate
of CH4 depletion in the presence of CO 2 was observed for a gas
mixture of 2% CO2 -3% CH4_ 95% Ar. These measurements were made
to determine the influence of CO2 on the CH4 disappearance.
The results showed that while the CO 2 does not alter the obser
CH4 disappearance rate, the observed rate is the same order of
magnitude and has nearly the same temperature dependence as th
CH4 dissociation.
Since these measurements were made with a single gas
mixture, the results could not be used to evaluate the depende
of the CH4 decay rate on the reactant concentrations, and this
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Iinformation is needed to provide insight into the CH 4 depletion
mechanism. Accordingly, additional measurements of the CH4
disappearance were made for (CO 2 )/(CH4 ) concentration ratios
of 0.17 to 1.33. These measurements were made at essentially
^•	 the same temperature, so that the effects of CO 2 concentration
could be isolated. The results of this investigation show that
the presence of CO 2 inhibits the CH4 decay, in a manner that is
approximately proportional to the CO 2 concentration. It is
suggested that in the presence of CO 2 , the CH4 is produced by
reactions of hydrocarbon radicals, such as CH 2 + HCOH --)CH4 + CO,
CH  + HCO ---^ CH4 + CO, and CH  + HCOH —) CH4 + HCO.
The observed rate in CH4 -CO2 is the same order of
magnitude as the CH4 dissociation for all the gas mixtures
jconsidered. An exact analysis is therefore difficult because
terms in the rate equation involving products of CO 2 and CH4
and the terms linear in these species are of approximately
equal importance. Since the observed CH4 decay rate decreases
1	
linearly with the CO 2 concentration, the overall disappearance
rate is attributed to a linear combination of two mechanisms:
(1) the CH4 dissociation that depends on the CH4 concentration
and (2) the inhibiting effect of other reactions that is
proportional to the CO 2 concentration.
The apparent rate constant which is determined from
the observed half-life, can be expressed as k' = k - O(CO2)o
where k is the C11  dissociation rate that was previously
measured and $ is the rate that describes the effect of CO2.
The rate constant $ is given by the expression:
'	 $ = 4 x 10 -10 T^ e -1.9 eV/kT	 (cm 3/particle-sec)
(36)
'	 It is unlikely that this rate can be attributed to a single
reaction, but rather it provides a quantitative statement of
the manner in which CO 2 inhibits the CH4 disappearance.
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X	 INTEGRATED ABSORPTION MEASUREMENTS (C2H2i C2!!4i C2H
Values of integrated absorption were measured for
several hydrocarbon infrared bands in the 3-4" region, including
(1) the C 2 H 2 v 3 band, (2) the C 2 H 4 v 9 + v 11 bands and (3) the
C 2 H 6 v 5 + v 7 bands. The integrated absorptions were determined
from measurements of the infrared spectral transmission by
integrating over the region of measureable absorption. The
absorber partial pressure and total gas pressure were chosen
to avoid saturation effects and to provide sufficient rotational
line broadening that the entire band strength can be measured.
Both of these factors were determined experimentally. The
apparent integrated absorption was then determined for several
optical path lengths, and the data fit to a Beer's law plot
to provide the best value for the integrated absorption.
The absorption measurements were made on (1) the
C 2 H 2 v 3 band centered at 3287 cm -1 (3.040, (2) the overlapping
C 2 H 4 v g and v 11 bands at 3050 cm-1 (3.28") and (3) the
C 2 H 6 v 5 and v 7 bands at 3000 cm -1 (3.33u). Some typical
transmission spectra are shown in Figure 22. Absorption
measurements were made over a range of optical paths up to
6.0 atm cm at the wavelengths of strongest absorption in each
band, to determine the optical paths required to avoid saturation.
The band absorption was measured over a range of total gas
pressures from 0.1 atm to 13.6 atm, to select total gas pressures
that provide adequate pressure broadening. Helium was used as
the broadening gas. The pressures used for the integrated
absorption measurements were 13.6 atm for the C 2 H 2 band and
6.8 atm for the C 2 H 4 and C 2 H 6 bats.
The determination of the integrated absorption requires
that the rotational lines be sufficiently broadened that the
entire strength of the absorption band can be measured, and the
absorber path length be chosen to avoidsaturation effects.
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Measurements were made to insure that both of these criteria
were satisfied. The selection of the proper absorber
concentration can be based on observations of the strongest
part of the band. The fractional absorption is determined as
a function of absorber path length, and a region identified
for which this absorption is linear with the absorber
concentration. It can then be assumed that no saturation occurs
in weaker parts of the band. It is easily shown that the
absorption is essentially linear with the path length for the
following lengths in a one cm absorption cell:
C 2 H2,<	 0.2 atm
C 2 H4 <	 0.2 atm
C 2 H 6 <	 0.1 atm
If the measured absorption is to reflect the entire
strength of this band, a sufficiently high total gas pressure
must be used to ensure broadening of the rotational lines.
The required pressure depends on the relative values of line
width and spacing, and will therefore be somewhat different
for each gas. It is, to a lesser degree, dependent on the
foreign gas used to provide the rotational line broadening,
because the collision diameter is different for the various
broadeners. The pressure required to broaden thethe absorber
gas with a particular foreign gas can be determined by
observing the absorption as a function of pressure with a
constant absorber partial pressure. The variation of the
quantity f I/I o dW was determined as a function of total gas
pressure for these three bands.
These two sets of preliminary measurements were used
to select the experimental conditions for measuring the
integrated absorptions. The integrated absorption measurements
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were made at total pressures of 200 psi for C 2 H 2 and 100 psi
for C 2 H 4 and C 2 H 6 . The values of integrated absorption can be
obtained from the observed spectral transmission curves. The
apparent value of the integrated absorption is defined as
a' =	 1	 ^ In	 TT j (37)
where •r is the observed transmission, w is the wave number,
p is the absorber partial pressure and 1 is the physical path
length. If the band is sufficiently pressure broadened and no
saturation effects are present, the apparent integrated absorption
is the true value. The band areas were determined for a series
of absorber path lengths below the range of values given above.
The resulting Beer's law plots for these bands are shown in
Figures 23, 24 and 25. The values of the integrated absorption
obtained from these measurements, along with previous measure-
ments, are summarized in Table IX.
On the basis of the observations presented here it is
concluded that:
i
	
	
(1) The integrated absorption of the C 2H 2 v 3 band
obtained in this study is in agreement with that given by
Callomon (46)
 within experimental error, and less than half
that given by Weber. (47) Weber had suggested that Callomon's
value was lower than his because of insufficient pressure
broadening. However, in this study the total gas pressur- and
^-r
 -adening gas was the same as in Weber's experiment which
suggest;, that the discrepancy is not as simple as a lack of
Fressure broadening. Furthermore, the dependence of the
apparent integrated absorption on the total gas pressure implies
r
	 that the pressure broadening should have been sufficient in
Callomon's experiment. Based on these results, the lower
value is probably more appropriate for the C 2 H 2 v 3 integrated
absorption.
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(2)	 The integrated absorption of the C 2 H 4 v 9 + v }}
bands is in good agreement with the value given by GolikX8)
and	 therefore	 does not agree with either the or iginal value>	 g
given by Thorndike (49) or that obtained from dispersion measure-
ments.	 An integrated absorption of about 175 atm -lcm-2 is
pr.)bably the most reliable value available.
(3)	 The integrated absorption of the C 2 H 6 band obtained
4
in this study agrees, within experimental error, with both the
Nyquist (50) and Thorndike values, although it is somewhat closer
I
to the former.	 The agreement with Thorndike's measurements is
a little surprising, in view of the reasons given for the lack of
agreement in the C 2 H 4 bands.
(4)	 Golike, et al.,	 suggested that improvements in a
' knowledge of the vibrational spectrum of C 2 H 4 and infrared
techniques, accomplished since the time of Thorndike's measure-
ments	 (1947), were expected to yield a more reliable value for
the integrated absorption. 	 Their value does differ from that
' of Thorndike et al., and it also is considerably different than
" the value obtained from dispersion measurements. 	 If the experi-
mental techniques and instruments are sufficiently improved to
affect the C 2 H 4 band, then the C 2 H 6 bands might be expected to
be similarly affected, but such is not the case.	 It is possible
tto select the best values for these integrated absorptions, but
it is not so clear why the older measurements are not in agree-
ment.
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Xi.	 INTEGRATED ABSORPTION N,EASUREW NTS (C 2 H 2^C24Afl4i S02)
The measurements of integrated absorption values for
four infrared bands of several gases are presented in this
report. These include (1) the C 2 H 4 v12 band, (2) the
C2H6(v6 + v 8 ) combination band, (3) the CF 4 (v l + v4 ) combination
band, and (4) the S02
 v 3 band. The values of the integrated
absorption were determined from measurements of the infrared
spectral transmission by integrating over the region of
measureable absorption. The absorber partial pressure and
total gas pressure were chosen to avoid saturation effects
and to provide sufficient rotational line broadening that
the entire hand strength can be measured. Both of these
factors were determined experimentally. The apparent integrated
absorption was then determined for several optical densities,
and the data fit to a Beer's law plot. The best values of
integrated absorption were obtained from the slopes of these
plots using a least squares method.
Absorption measurements were made on (1) the C 2 H 4 v12
band at 1444 cm-1 (6.93µ), (2) the C2H6(v6 + v8 ) combination
band at 1450 cm_i (6.73u), (3) the CF (v l + v4 ) combination -1
band at 1535 cm	 (6.5lµ), and (4) the S02 v3 band at 1361 cm
(7.35µ). They were made over a range of optical paths up to
10 atm-cm at the wavelengths of strongest absorption to deter-
mine the opr.cal paths required to ay .Ad saturation.
The band absorption was measured over a range of total
gas pressures from 0.5 atm to 14.6 atm
total pressures that provided adequate
Helium was used as the broadening gas.
the integrated absorption measurements
bands, even though preliminary investi;
broadening was complete for some bands
200 psig.
IIT RESEARCH INSTITUTE
80
(200 prig) to select
pressure broadening.
The pressure used for
was 14.6 atm for all
gations indicated that
at pressures lower than
I
If the measured absorption is to reflect the entire
strength of the band, a sufficiently nigh total gas pressure
must be used to ensure broadening of the rotational lines.
The required pressure depends on the relative values of line
width and spacing, and will therefore be somewhat different
for each gas. It is, to a lesser degree, dependent on the
foreign gas used to provide the rotational line broadening,
t collision diameter 'because he col 	 s different for the variousi 	 i
broadeners. The pressure required to broaden the absorber
gas with a particular foreign gas can be determined by
observing the absorption as a function of pressure with a
constant absorber partial pressure. The variation of the
quantity f 1/1 0 dw as a function of total gas pressure was
measured for these bands and it was determined that all were
completely broadened at the pressure used.
The integrated absorptions were determined from a
plot of In I o /I vs w. The area under this curve was measured
with a compensating polar planimeter. A Beer's law plot was
then made of apl vs pl, where a = 1/pl f In I o /I dw and pl
is the optical density in atmosphere-centimeters. A least
squares calculation was made from the data in the Beer's law
plot to determine the best value of integrated absorption.
The integrated absorption values obtained from these measure-
'	 ments are summarized in Table X. and compared to previous
measurements.
I
On the basis of the observations presented here, it is
concluded that:
i
	
	 (1) The integrated absorption of the C 2 H 4 v12 band
obtained in this study is in agreement with that given by
Golike (48) et al and Hammer (S2) within experimental error, but
considerably le ; 1han that given by Thorndike. (49) As
previously noted in the discussion of the C 2 H 4 v3 band)
1	
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G olike et al, suggested that improvements in the knowledge of
the vibrational spectrum of ethylene and infrared techniques
accomplished since the time of Thorndike's measurements (1947)
were expected to yield a more reliable value for the integrated
absorption. Their value does differ from both Thorndike et al,
and dispersion measurements. If th? experimental techniques
and instruments are sufficiently improved to affect the C 2 H 4
band, then the C 2 H 6 bands might be expected to be similarly
affected; such is not the case.
(2) The integrated absorption of the C 2 H 6 (v6 + v8)
combination band is in excellent agreement with the values of
Thorndike (S1) and Nyquist et al. (50)
E
(3) An examination of the literature provided no
'
	
	
values for comparison with the CF  and SO 2 integrated absorption.
Some work has been done on the fundamental bands of CF  by
Schatz and Hornig, (S3) but apparently none on the combination
'	 band.
The sources of error in experimental determinations of
integrated absorption may generally be divided into three
i	
categorie6: (a) sampling errors, (b) recording errors, and
1	 (c) measurements errors.
(a) Sampling Errors --- these errors can be caused by
adsorption of gas on the cell walls, accuracy of measuring
pressures, and improper mixing of the test gas with the
broadening gas. The effects of adsorption of gas on the cell
walls are not known precisely for these experiments. Based on
the discussions of Burch et al, (54) it is believed that these
effects were less then those due to other causes. Burch et al,
found that the mixing in short path length cells was complete
t	
within a few seconds, but that several minutes mixing time was
1	 required for cells having valves that were joined to the cells
IIT RESEARCH INSTITUTE
9
83
IIT RESEARCH INSTITUTE
44
r
1w
by several inches of tubing, and was probably due to slow
diffusion through small-bore tubing. During the course of the
present measurements, at least five minutes mixing time was
allowed before any scans were made. Another scan was made
several minutes later and a comparison of the two scans revealed
no significant differences in the traces. Gauge error , were
less than five percent for all gases tested except SO 2' Since
the measurements of SO 2 required low values of partial pressure
for values of optimum optical density, the gauge errors were
probably between ten and fifteen percent.
(b) Recording Errors --- the primary sources of error
in the recording system are source drifts and noise fluctuations
in the equipment. Both globars and blackbody cavities have
been used as the IR source. The blackbody cavity was more stable
over long periods and was used for the measurements on C 2 H 4 and
C 2H 6 . Because of a breakdown in the blackbody control unit
a globar was used for the other measurements. Since a back-
ground scan must first be obtained and then followed by a
test scan, the background scan must be transposed onto the
test gas scan in order to obtain the ratio I o /I. Any drifts
of the source which occur during this period would contribute
significantly to the recording errors. Care was taken to
insure that measurements were made only after the source has
been on nor four or more hours. Measurements of drift made
over relatively long periods of time indicate that stability
is improved if the source is allowed to remain operational for
several hours. A drift of the chart recorder zero level
constitutesa possible source of error, although this feature
was checked often. Since total absorption is independent of
slit width, a sufficiently large slit was used to increase
the signal-to-noise ratio.
s(c) Measurement Errors --- determination of the values
of Io /I from the chart recorder traces and the actual area
measurement with the planimeter are not considered major sources
of error in this present study. The contribution of these
error sources to the integrated absorption were evaluated at
noeater than one percent. If a drift were encounteredg
during the course of a scan, a significant error could be
introduced when determining the I 0 /I ratio. To serve as a
check on this problem, frequent background scans were made
and compared.
Based upon the above discussions, the total error for
measurements of C 2 H4 , C 2 H 69 and CF  is estimated at + 10 percent.
For measurements of SO 2 , the error is estimated at + 15 percent.
i
i
I
i
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APPENDIX A
SUMMARY OF REACTION KINETICS AND RADIATIVE
TRANSFER MEASUREMENTS
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SUMMARY OF REACTION KINETICS AND RADIATIVE TRANSFER MEASUREMENTS
All of the experiments for the following measurements
have been performed in shock tubes and in practically every case
a rare gas was used with a small percentage of the gas to be
studied. Diagnostics were carried out using a variety of spec-
troscopic instruments in the UV, visible and infrared.
	
1.	 Emissivity of CO,
a) Absorption at 4.40u, T = 1200-2100°K, P = 0.26-1.05 atm.
a=4.37-4.6u, optical path 0.10-0.40 atm-cm. (Ref. 1).
b) Emissivities 4,40-5.30u, T = 1500-3000 °K, P = 1 atm.,
0.04-4.00 atm-cm. (Ref. 3,7-Q.R, Nos. 1,2).
^. c) Fmissivities 4.26u, T = 2000 °K, 0.95 cm-atm.,
Effect of pressure, measurable below 0>5 atm.
Comparisons with strong and weak line theory.
(Ref. 7-Q.R. 2).
`	 d) Emissivity 2.7u, T = 2000-3500°K, P = 1 atm.,
< 5 atm-cm. (Ref. 7-O.R. 4) .
T
	2.	 Dissociation of CO2
a) T - 3500°-6000°K, (Ref. 4, Ref. 7-O.R, 6) Rate
constants obtained were
'	 i) Classical collision theory
4.38
Kar = 9.71 x 10-14	 e-D/kT
4.72
KN = 3.27 x 10- 14 ^ D	 e -D /kT
2
D= 5.5 eV
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ii) Arrhenius equation
kar - 4. 19 >• 10-13 
T1/2 e -3.24 eV/kT
K	 = 4.07 x 10-13 T1/2 e -3.23 eV/kTN2
The rate of disappearance of CO 2 was obtained by
monitoring the 4.3u band. The results were independent
of wavelength and were not affected by traces of CO or
H 2O (up to 2%) .
b) T = 6000°K-11000°K (Ref. 5, Ref. 7-Q.R. 7). The
rate constants( measured at 2.7u) obtained from
classical collision theory and the Arrhenius equation
were respectively
^.	 Kar = 8.95 x 10-13 ( kD ) 
3.21 
e
-D /kT D = 5.5 eV
K	 = 1.92 x 10-13 T1/2 e-2.96 eV/kT
ar
A rate constant was also obtained from observations
O
of CO flame band emission at X = 3500 A which, at
equilibrium, is proportional to the product of the
CO and 0 concentrations. The rates determined from
these measurements are abut a factor of three lower
than those obtained from infrared measurements (with
r
an activation energy of 3.68 eV). It is suggested
that the infrared measurements give the CO 2 dis-
sociation rate, whereas the UV measurements involve
an excited state of CO2.
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3. Absorption of CO
Absorption at 4.60, 4.67 and 4.72u, T = 1160-2300°K,
P = 1.40-3.60 atm, 4-11 atm-cm. Some pressure dependence
of the absorption coefficient was observed. (Ref. 2).
4. Dissociation of CO
Infrared emission monitored of 4.65u, T = 7000-9000°K
Rate constants obtained from the classical collision
theory and Arrhenius equations are respectively
3.88
Kar = 9.38 x 10-13 ^ 7T )	 e' /kT D = 8.00 eV
K	 = 5,80 x 10-12 T1/2 e -8.00 eV/kT
aY
A rate constant was also determined from observations of
emission from the CO (3,0) Triplet band, based on the
assumption that the population in the CO (d ^ v = 3 energy
level, excited by collisions of the second kind between
CO (X Ir) molecules and A ( 3P) atoms, Is proportional to the
total CO population. Rates so determined exhibit a
temperature dependence similar to that obtained with the
infrared measurements and are 20-50 per cent higher than
those given above. (Ref. 7-O.R. 8).
5. Rate of CN Formation (B 2 r State)
a) CO2 - N2 mixtures. T = 4,500-6000°K, P = 0.10 to 50 atm.
This was monitored at 3880 A, (0,0) band of the Violet
system; thus it monitors the B 2 F state. By assuming
that the rate of CN formation is proportional to the
product of CO and N2 concentrations, and that,
throughout the formation process, the populations in
1
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the excited and ground states are related by the
Boltzmann factor, the CN concentration can be
described by
[ CN1= K [CO 21 o IN 2' o C t - (1 - e -K1 (M) t ) /K l [Mil
where EM] is the total gas number density and K1 is the
CO 2 dissociation rate.
K = 4,97 x 10-9 T1/2 e -9,36 eV/kT
(Ref. 7-0,R, 9). Further work led to the following
rate determining reaction
CO+N	 CN+O
with a rate constant
K = 1.77 x 1013 T1/2 e-3.20 eV/kT
Expressions for N -atom concentration and CN
concentration were considered using a computer program
which is capable of providing simultaneous solution
of a number of competing reactions (Ref. 7-Q,R. 13).
b) CO - N 2 Mixtures	 7
The CN emission profile behind the shock wave indicated
that the CN concentration depends on the second power
of time and the third power of number density. This:
leads to the reaction
CO+N ---i	 CN+O
following N2 dissociation (Ref. 7-Q.R. 10). The
IIT RESEARCH INSTITUTE
A-4
T MOM  ^^
F
4
•
t
rate constant is (Ref. 7-0,R. 12)
K = 1.60 x 10-13 T1/2 e-3.02 eV/kT
The small difference in activation energy lies within
exper im(n to 1 error.
6	 f- u b r	 -N m e for CN
	 Violet System
Measurements were made at 3880 A as before, monitoring
emission from the (0,0) band of the CN - Violet system.
(Ref. 7-Q.R. 11),
f = (3.0 + 0.3) x 10-2
7.	 Rate of CN Formation (A 2rr State)
Shock-heated mixtures of CO and N 2 in argon. Emission
from the CN Red bands was monitored from 5500 A to 1.4u.
T = 5000-6000°K. Observed rate of formation of CN (A2TT)
was compared to calculated profiles using a computer program
which provides a solution of a number of computing reaction
1	 rates. The CN profiles were initially calculated with a
set of reaction rates considered to be the best estimate
'	 for this study. The effect of each reaction rate on the
CN profile was studied independently, and the rates were
varied to provid.:. agreement between the measured and
calculated CN profiles. The most important reactions
appear to be
N,r=	 2 N2 
N 2 + C	 CN+N
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The rate constants which provided the best fit are
N2 —► 2N	 K = 3.0 x 10-4 T-1 e- 1131310/T
N 2 + C -+ CN + N	 K = 2.5 x 10-13 
T1/2 
e- 
261000/T
These results are averages for the CN (A 2n) electronic
state: small variations have been observed for different
vibrational levels. 	 (Ref. 7-Q.F. 15).
Formation of NO
Rate constant was determined for the reaction
CO+N	 —3 C+NO
Measurements were made on CO 2 -N2 gas mixtures, radiation
monitored at 2365 A, NO-v (1,0) band. The same computer
program was used as described above (#7) giving,
K = 1.0 x 10-14 T1/2 e- 301000/T
in the temperature range 5000-6000°K. (Ref. 7-Q.R. 16).
f-Numbers for the CN Red System
Measurements were made of CN Red emission from shock-heated
mixtures of CO and N2. inthe temperature range 5000-6000°K.
Measurements at 7920 A (primarily (2,0) band) and 8070 A
(prim-itiiy (3,1) bane) yielded
f = 3.01 + 0.31 x 10-3
(Refs 7-Q.R. 14)
IIT RESEARCH INSTITUTE
A-6
^..
t
Further measurements on the (0,0), (2,0), (6,2) and (7,2)
bands provided s measure of the variation of electronic
transition moment with r-centroid. The individual f-numbers
were
(n' n")	 f el
0 2 0	 3.26 x 10-3
2 2 0	 2.80 x 10-3
6 1 2	 2.22 x 10-3
7 1 2	 2.14 x 10-3
(Ref. 7-Q.R. 17)
i
	
10.	 Dissociation Rate of CH,,
Mixtures of CH  in Ar. T - 1800°K-2800°K. P = 0.2-1.0 atm.
CH  concentration was monitored by emission at 3.31u.
i
	
Rate was first order in CH  and Zeroth order in total gas
number density. For times < 40u sec. the rate constant
w.
	
is given by
i
	 K = 4.36 x 108 e -2.22 eV/k'F
Some discrc.partcies with constants derived by other workers
were ascribed to the fact that those measurements were
made in 1-10 milliseconds. (Ref. 7-Q.R. 18).
	
11.	 Formation of C 2 H2
Shock-heated	 = 2	 -24	 _	 -
	 CH4, T	 000	 00 K P
	
0.5 1.0 atm.
Emission monitored at 3.24u. In the analysis it was
assumed that CH  concentration was given by
1	 [CH4] = [CH4 ] 0 e- Kt
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K is obtained from measurements at 3.4u, where C 2 H 2 does
not emit. This expression was needed to subtract out a
contribution to the emission at 3.24u from CH4 . Con-
centration of C 2 H 2 could be described by
[C 2 H2]  
_ [C2 H 21 eq ( 1 - e	 )
where [C,,H 2 ] eq is proportional to the observed steady
state emission after the CH 4 has disappeared. It was
found that 8 was directly proportional to pressure;
9 - v P)
and v could be given by the Arrhenius equation
V = 5.0 x 10 -9 e -2.97 eV/kT
The reaction mechanism was not identified at this time.
(Ref. 7-Q.R. 19).
Oxidation L CH,.
Mixtures of CH 4 -0 2 and CI14 -(:0 2 . T = 1800-2500°K. With
02) the disappearance rate of CH4 is about ten times that
with pure CH4 ; with CO 2 mixtures the rate of disappearance
is only twice as great. The results suggest
C114 + 0 2	 ---s	 HCOH + 02
CH '4 + CO 2 	 HCO1i
The measurements in CH 4 -0 2 mixtures yielded a rate constant
K = 2.0 x 10-11 T1/2 e-1.3 eV/kT
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which is interpreted as applying to the first of the
above reactions. (Ref. 7-O.R. 21 and 22)
	
13.	 Vibrational Relaxation of NN (A3")
Shock-heated mixtures of NH 3 in Xe. E;missio:ss from the
V' - 0 and 1 levels of the A 3" state were monitored at
003360 A and 3371 A, Q-branches of the (0,0) and (1,1)
bands respectively. It was found that the relative
population of these two states remained constant
throughout the emission period: no relaxation could he
observed within the time resolution achievable,
0.125u sec. (Ref. 8).
Formation c: NH from Shock-Heated Ammonia
Mixtures of NH 3 in Xenon. T - 2900-9600 °K. Radiation
was monitored at 3360 A. It was found that the production
of NH (A 3^) was second order in ammonia concentration and
could he described by a rate constant,
K = 4 x 10-14 C-549000/T
(Ref. 9)
	
15.	 Electronic Transition Moments for the NO -0 System
r
Shock-heated mixtures of NO and argon. Radiation
emission was monitored in the wavelength rang: 2600-4200 A.
Separate measurements were made simulating the concen-
tration of 0 2 molecules present during the measurements,
in this way the -2mission from the 0 2 Schumann-Runge bands
could be subtracted out. The NO-8 emission was analyzed
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to yield electronic transition moments, using the
r-centroid approximation. (Ref. 10).
16.	 Emissivity of 0 2 Schumann-Runge Bands
Shock-heated mixtures of 02 and argon
O
T = 5000°K, a = 2800-4935 A.
(Ruf. 10).
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APPENDIX B
EXPERIMENTAL TECHNIQUES
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IEXPERIMEN CAL TECHNIQUES
The shock tube provides the high temperatures required
^•
for making optical property and reaction rate measurements.
	
A
typical system used in this experiment is shown in Figure B-1,YP	 Y	 P	 g
The gas being investigated is placed in the shock tube test
section, which is separated from the driver section by a metal
diaphragm.
	 A low molecular weight gas is introduced into the
driver section until the pressure is sufficiently high to
rupture the diaphragm.
	 The subsequent expansion of the driver
gas results in the propagation of a shock wave through the test
section, which both compresses and heats the test gas.
The instruments availably: for diagnosing the hot gas
include spectrophotometer channels in the infrared, visible,
and ultraviolet (including vacuum ultraviolet) regions of the
spectra	 (see Figure B-2);
	 the spectrophotometer systems include
a provision for making both absorption and emission measurements.
For the emission measur---ments,
	 the radiation from behind the
shock wave is collimated by a slit system and directe ,: through
I a monochromator that selects the desired wavelength and wave-
length interval.
	 The radiation is then focused on the sensitive
i^
4
surface of the appropriate detector, whose output signal is
.
displayed on an oscilloscope and photographed. 	 The absorption
( measurements are made by includin; a radiation source that
transmits a beam through the shock tube and the same optical
t system used for the emission measurements.	 A high speed chopper
1 is available to permit the simultaneous measurement and
d4fferentiation of the transmission and emission signals.
{ The radio*_ion sources for `he infrared system include a black
body, globars and Nernst glower; InSb and AuGe photovoltaic and
` photoconductive detectors are commonly used in this wavelength
range (2u	 to 10u)
	
Measurements in the vacuum ultr •
 violet
utilize a hydrogen lamp for the radiation source; 	 -r, the near
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Fig.B-1 Shock Tube and Instruments
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UV and visible regions, tungsten lamps and carbon arcs can be
used with standard photomultipliers.
The basic measurement that provides the hot gas
properties is the shock wave velocity, which requires a measure
of the time of shock passage past two or more positions in the
test section.	 While there are a number of optical and electrical
methods for sensing shock passage, the use of platinum film
gauges is one of the most appropriate for this temperature range.
A thin platinum film deposited on glass is mounted flush with
the shock tube, and a small current is passed through the film.
On contact with the shock wave,
	 the heating of the fi l m causes
a change in the resistance and the accompanying voltage drop
is used to start and stop a time interval meter.	 This measure-
ment, coupled with the initial pressures and temperatures obtained
with standard gauges, provides sufficient information to
characterize the hot gas.
The work has involved both incident and reflected shock
waves.
	 The condition behind reflected shock waves have been
' investigated by a number of authors and the effect of boundary
layer formation and the reflected shock wave velocity on the
reaction can b^- estimated.
	 In inert gases no bifurcation or
acceleration is observed, and the reflected shock speed is
equal to or slightly less than the theoretical value.
	 Since the
test gas is predominantly argon, it is expected that the boundary
layer effects are small or negligible.
	 A further indication
Mat this boundary layer effect is not significant is that over
the region of 5000°K to 7000°K the dissociation rates determined
with reflected shock waves are in agreement with those obtained
i
from the incident shock waves.
An effort is made to analyze the shock tube data in the
most efficier._ manner by utilizing the data processing and
computer facilities available at IIT Research Institute.
	 An
OSCAR is available to rapidly and accurately convert analogue
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information (e.g. emission signals on ose:lloscope traces) to
digital form; this instrument is equipped with both IBM punched
data card and typewritter output. The data reduction is further
facilitated with the aid of computer programs written for the
IITRI IBM 7094 computer. The programs presently used on this
project provide (1) shock wave properties of the gas being
studied, (2) absorption and emissivity of hot gases, (3) cicemical
equilibrium composition of hot gases, (4) the rate of approach
to equilibrium behind shock waves, and (5) a least squares fit
of reaction rate data to the Arrhenius equation.
The experimental arrangement for the absorption cell
measurements consists of a globar source of near-infrared
radiation, a set of absorption cells with various path lengths,
an infrared monochromator, detector, and recording system.
(Figure B-3) The absorption cell is capable of being cooled
or heated to a desired temperature by the addition of a coolant
into a chamber surrounding the cell. To avoid temperature
gradients at the ends of the cell, the cell was extended several
centimeters beyond the cooling chamber, Temperatures inside the
cell are monitored with thermistors placed at the ends and
middle of the cell. The temperature-dependent resistance changes
of the thermistors are monitored with an ohmmeter. The output
signal from the detector, which is biased for optimum detectivity,
is amplified and the resulting signal is fed into a lock-in
amplifier. This amplifier is essentially a very narrow band-pass
filter whose center frequency is adjustable to that of the chopper.
A reference signal is furnished to the amplifier by a lamp and
photodiode arrangement which monitors the frequency of the chopper.
The reference signal level is adjustable. The amplifier
"locks-in" on this present frequency and provides a DC output
signal which is fed directly to a chart recorder. A schematic/
flow diagram for the absorption cell measurements is shown in
Figure B-4.
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Fig. B-4 Schematic/Flow Diagram for Absorption Cell Measurements.
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